~/ The relationship between intracranial pressure (ICP) and latency of visual evoked potentials (VEP) was investigated in hydrocephalic patients with suspected shunt malfunction and in patients with severe head trauma. A positive correlation of increase in latency of wave N2 (normal latency 7 1 +_ 9.2 msec) of the VEP with elevations in ICP was observed. A potential role for VEP in both the assessment of shunt function and the monitoring of patients with severe head injury is suggested by these findings.
C
HARACTERISTICS of visual evoked potentials (VEP) are relatively well defined in both the maturing child and the adult. 11-13,3~ Use of VEP to provide information about visual acuity, diseases of the optic nerve and chiasm, color blindness, or other problems of vision are well documented. 9, 21, [24] [25] [26] 35, 36 Their use in monitoring surgery around the optic nerves and chiasm and to assess effects of hypotension and brain retraction has been reported. 1,14,4~ Because VEP have been found to be a very sensitive indicator of visual pathway disturbances, it is reasonable to expect that any disorder that affects physiological function of the visual pathway, through the parietal and temporal lobes to its final destination in the occipital lobes, can be measured as an alteration in VEP. Indeed, previous reports have suggested that early hydrocephalus in children can be documented by the effects of enlarging ventricles on the visual radiations producing alterations in the VEP. 15,a4 Evidence of edema, contusion, or other trauma within the temporal, parietal, and/or occipital lobes has been demonstrated with use of VEP2 s This study was undertaken to test the hypothesis that increases in intracranial pressure (ICP) secondary to either cerebral edema or hydrocephalus would alter the characteristics of VEP, possibly through compression of the intracerebral visual pathways.
Clinical Material and Methods
The initial phase of this study involved the evaluation of 14 shunted hydrocephallc children (aged 3 to 12 years) with symptoms and signs of increased ICP. Subsequently, patients in whom actual measurements of ICP were obtained were divided into two groups: those with serious head injuries and hydrocephalic patients with shunts. Computerized tomography (CT) was performed on all patients, either immediately before or after measurement of VEP. A control group included asymptomatic hydrocephalic children with shunts and 10 normal medical students.
To obtain the VEP, standard electroencephalographic (EEG) electrodes were affixed to the scalp with conductive paste in the midline at either the vertex (Cz) or occiput (Oz) according to the International 10-20 System. Electrode impedance was always under 5 KOhms (usually 1 to 3 KOhms). A reference electrode consisted of linked earlobes; the ground was placed on the right forearm. The signal was amplified 1 x 106 with a bandpass of 1 to 30 Hz. A strobe-flash* or LED goggles were used to stimulate both eyes simultaneously with a flash delivered at 1/sec for 60 to 100 repetitions. The flash was of sufficient intensity to obtain a VEP regardless of whether the eyelids were open or closed. Signals were averaged by a Nicolet clinical signal averagert and plotted on an x-y recorder. All peaks were identified as positive or negative and were characterized according to latency. All evoked response traces were entered into a microprocessor by means of a Digipad,:~ for further analysis.
Measurement of ICP was accomplished in patients with closed head injuries by a fiberoptic pressure transducerw inserted into the epidural space through a burr hole, usually in the frontal region. The pressure was displayed digitally and recorded continuously on a pen recorder. In the head-injured group, ICP was monitored simultaneously with measurement of VEP. In the shunted hydrocephalic patients, ICP was measured manometrically by direct puncture of the shunt within 1 hour or less of the VEP recording. In some cases, children were sedated with chloral hydrate (50 to 75 mg/kg by mouth) within 1 or 3 hours before the VEP were obtained. This drug does not appear to significantly affect amplitude or latency of the early components of the VEP relied on in this study for estimation of ICP23 Each positive and negative peak of the visual evoked response was analyzed for its relationship to ICP. The first positive wave following the stimulus is designated as P~ and the first negative wave as N1. Subsequent waves are labeled sequentially, as P2, N2, and P3. The vertex (Cz) electrode is positive relative to earlobe. This nomenclature is followed regardless of the changes in waveform with elevated ICP. The program performed a peak identification test by firstderivative analysis and labeled peaks with appropriate latencies. Latencies were compared to age-matched norms established by Dustman, et al. lO To be considered abnormal, latency of a peak had to exceed mean latency for age by more than one standard deviation. Latencies for all control subjects were found to be within the normal range by these criteria.
Results

Initial Study of Hydrocephalic Children
In the initial phase of this work, a detailed analysis of 14 shunted hydrocephalic children presenting with symptoms and signs of increased ICP secondary to shunt malfunction was undertaken. Figure 1 and 138 msec, respectively) were most consistently increased in these patients. Waves N2 and N3 are the second and third negative waves following the light flash. The degree of latency shifts of these waves is demonstrated for each of the patients in Fig. 2 . The magnitude of increase in latency for these waves ranged from 6 to 30 msec, with a shift of 10 to 20 msec seen most commonly.
The CT performed in these children in close proximity to VEP testing showed no consistent pattern of abnormalities. More specifically, no direct correlation was possible between increase in ventricular size and increase in latency of any waves of the VEP recording. Several patients had normal or even slit ventricles, as demonstrated by Fig. 3 , in the presence of clear clinical evidence of increased ICP and increased latency in VEP waves. No CT evidence of parenchymal pathology was observed.
Early Experience Correlating ICP and VEP in Closed Head Trauma
Encouraged by the implications of the above results, we attempted to obtain a more objective correlation between increased ICP and latency shifts in VEP in patients with cerebral swelling following severe head trauma. Patients had ICP monitored by epidural probe and sequential VEP measurement over 6 to 10 hours at intervals of 10 to 60 minutes.
Case 1. The first case was that of a 16-year-old girl with head trauma who was comatose and on assisted ventilation. Continuous arterial pressure was recorded. Her CT scan obtained within 1 hour of injury showed diffuse edema with small areas of contusion but no evidence of focal mass effect (Fig. 4 ). There were large fluctuations in her ICP recorded over a 10-hour period (Fig. 5) . Each rise was spontaneous in origin; however, most of the decreases were the result of bolus infusions of 20% mannitol.
In this patient, 18 VEP were analyzed to arrive at the plot shown in Fig. 6 , correlating wave N2 with the ICP. Wave N2 is defined as the second negative wave recorded following the stimulus. Other waves did not demonstrate consistent latency shifts. The line drawn through the points by least-squares regression had a correlation coefficient of r = 0.68. In this patient, an attempt was made to correlate latency shifts with cerebral perfusion pressure (CPP, the difference between mean arterial pressure and ICP). established statistical relationsip between latency shift and CPP could not be determined.
Case 2. The second patient was a 21-year-old man who was admitted in a comatose state with fixed pupils and flaccid extremities after severe head trauma. His CT scan demonstrated diffuse edema without evidence of focal mass lesion. Again, this patient had an epidural monitor inserted to record ICP and was followed with intermittent VEP measurement. Figure 7 shows, for this patient, the relationship between latency of wave N2 and ICP, which was analyzed in a manner similar to that of Case 1, and which yielded a regression line with a correlation coefficient of r = 0.83. Again, only wave N2 showed consistent latency increases with changes in ICP. Thus, this wave was used in subsequent studies in preference to others.
Use of VEP to Predict I C P
Pooled data from the above two patients were used to derive a regression line from which an additional 15 patients with head injuries (Table 1 , Group A) were studied in a similar fashion. These data demonstrate a clear relationship between latency of wave N2 and values of ICP; significant latency shifts (that is, _+ 1.0 SD) are directly related to raised ICP (see also Figs. 6 and 7) . Usually four to five VEP determinations were performed on each patient. In Cases 1 and 2, which showed large fluctuations in ICP (as in Fig.  5 ), more VEP (15) were recorded over a 6 to 10 hour period. The CT scans in the additional 15 patients showed varying degrees of diffuse edema with occa- sional, variably located, small areas of increased density in the hemispheres consistent with focal contusion (similar to Fig. 4 ), but no significant mass effect except in one patient who had a thin rim of acute subdural hematoma in the left frontotemporal region.
Relationship of measured ICP and that predicted by latency shifts in VEP*
In obtaining the data presented in Table I , Group A, the ICP was not known by the individual performing the VEP recording until after ICP had been predicted on the basis of the VEP using the pooled data from Cases 1 and 2. The agreement between predicted and measured ICP is as noted. A grouped regression line for the first 12 head-injured patients is shown in Fig. 8 . The regression line produced a correlation coefficient of r = 0.84.
This plot was, in turn, used to predict the ICP with VEP determined in six patients with hydrocephalus and symptoms of shunt malfunction (Table 1 , Group B). The ICP in these children had been determined manometrically by a shunt tap within 1 hour of measuring the VEP. As with Group A, the recorded ICP was not known to the individual recording the VEP until after ICP had been predicted. The hydrocephalic children (Group B) demonstrated large latencies of N2 (up to 115 msec) which were correlated with significantly elevated ICP.
Figures 9 and 10 demonstrate CT scans of two children (Cases 20 and 21). It is important to note that, while one patient (Case 20) had an elevated ICP (predicted and measured), his ventricles at a time when he was asymptomatic (Fig. 9 left) were not significantly larger than they were at the time his pressure was elevated (Fig. 9 right) . This is in con-
FIG. 9. C a s e 20. C o m p u t e r i z e d t o m o g r a p h y s c a n s w h e n the patient was a s y m p t o m a t i c (left) a n d w h e n he w a s s y m pt o m a t i c o f s h u n t m a l f u n c t i o n , with N2 latency shift (right).
tradistinction to the other (Case 21), who had an interval increase in ventricular size from t977 ( Fig.   10 left) to 1979 (Fig. 10 right) , in spite of essentially normal predicted and measured ICP's in 1979.
Results of VEP correlated with ICP obtained via shunt tap are probably not as accurate as ICP measured by epidural monitor due, in part, to the time lag between VEP determination and tapping the shunt. However, in both groups a reasonable agreement between predicted and measured ICP was found and provides additional evidence for the validity and potential value of the regression line depicted in Fig. 8 . 
Discussion
Visual evoked potentials (VEP) may be determined with several modes of stimulation, including diffuse (as in this report), patterned, and colored lights. Regardless of mode of stimulation, the most widely used portion of the VEP is that occurring in the first 250 msec after delivery of the stimulus2 Selection of a particular set of stimulus parameters depends in large part on the problem and patient population to be studied. 22,36 The decision to use diffuse flash stimuli in the present study was based primarily on the patient population, which included stuporous or comatose patients with head trauma, and frequently irritable, uncooperative children with shunt malfunction who could not voluntarily fix gaze on a patterned stimulus for the required time, thus making patterned stimuli impractical or impossible. To reduce to a minimum the effect of variables introduced by use of diffuse flash stimuli in our study only one feature of the VEP, latency, was correlated with ICP.
The age-grouped latency data of Dustman, et al., '~ served as the norm for our study. Based on analysis of all component wave latencies, wave N2 (rather than N3 as indicated by the preliminary work) appeared to be the one most consistently shifted by changes in ICP. Normal latency for this wave ranges from 68.2 + 8.3 msec (SD) to 93.1 _ 8.4 msec (SD) for age groups 6 to 8 years and 60 to 70 years, respectively. Since interpatient latency norms have been more difficult to establish in infants, 1'-'3 this population was not a part of our study.
The present results strongly suggest a close relationship between elevation of ICP and increased latency of the Ne wave of the VEP. Potential effects of ICP on evoked potentials, including VEP, have been hypothesized by others in head trauma and hydrocephalus. 6 an increase in ICP secondary to hydrocephalus or following head trauma might produce the prolonged VEP latencies noted in our study is uncertain. It has been suggested that the neuroanatomic substrate for diffuse flash VEP includes at least two sources: a primary response from a retino-geniculo-occipital substrate and a secondary or late response that courses through brain-stem reticular formation, superior colliculi, and pulvinar of thalamus before reaching the cerebral cortex. 7 Neural substrate for pattern-evoked VEP is less well delineated. 24,25 However, another animal study concluded that the VEP is a "nonspecific cortical response to light, and is not in fLxed relationship to conduction along classical anatomical visual pathways to the "precalcarine cortex. ' '6 Effects of hydrocephalus on VEP have been the subject of previous reports. 13 '15'31'32'39 In the most detailed of these, both abnormal waveform and increased latency in VEP were noted in untreated hydrocephalus in a group of patients consisting largely of neonates and infants, la More normal-appearing VEP were noted upon successful treatment of the hydrocephalus. Engle 13 hypothesized that "ventricular dilatation ... may stretch the projection fibers of the visual pathways to alter their electrophysiology." He further suggested that latency delays might relate to elevated ICP, but provided no objective data to support this hypothesis. Of interest is one of his patients whose VEP returned to normal after a shunt was placed, in spite of CT evidence of unchanged ventriculomegaly; however in that patient the fontanel had become soft, consistent with normal ICP. This apparent lack of correlation between ventricular dilatation and abnormal VEP is supported by our findings. Several of our patients had increased N2 latencies with evidence of increased ICP but normal or even small lateral ventricles on CT (Fig. 3) , and one had enlarged ventricles but normal VEP (Fig. 10 right) .
The identity of a clear mechanism whereby increase in ICP following head trauma might produce the prolonged VEP latencies noted in our patients remains elusive. Experimental models of concussion and coma have demonstrated that somatosensory evoked potentials (SEP) are altered at brain-stem and mesencephalic levels as well as at the level of cerebral cortex in animals, without evidence of prolonged changes in ICP; 2s,29,3s however, no similar careful analysis of VEP was reported. Effects of hypoxia and/or ischemia on evoked potentials have been investigated. 2-4,6,2~ Depending on the study, arterial pO2, sagittal sinus venous pO2, and regional cerebral blood flow (CBF), when reduced, have all been correlated with increased latencies in evoked potentials, including VEP. The direct cortical response (measured by implanted cortical electrodes, with stimulating electrodes on the cortical surface 1 cm away) has been shown to be quite sensitive to elevation of ICP when CBF was reduced. 2~ Evoked responses (SEP and VEP) were considerably more resistant to changes in CPP, 6,2~ Visual evoked potentials and intracranial pressure although VEP may be somewhat less resistant2' It has been suggested that correlation in head-injured man between ICP, evoked potentials, and outcome is on the basis of decreased CBF and oxidative metabolism produced by increases in ICP above critical levels. 19 All of our patients had their blood pressure and arterial pO2 and pCO2 carefully monitored and controlled (pO2 90 to 110 torr, and pCO2 25 to 30 torr). As noted in the description of the first patient with head trauma who was studied (Case 1), there was a suggested but unproven relationship between VEP and CPP. On the other hand, significant latency increases in VEP in our patients occurred at ICP levels well below those that should produce reductions in CPP sufficient to alter CBF or cerebral metabolism (oxygen consumption and glucose utilization), assuming normal autoregulation was present? However, in the face of severe head injury with cerebral swelling, whether on the basis of edema or hyperemia, autoregulation is frequently disturbed either locally or globally? Therefore, the latency shifts noted in our head-injured group might relate, at least in part, to reductions in regional CBF secondary to reductions in CPP produced by elevations in ICP.
Others have suggested or observed that disturbances of cortical electrical conduction might be influenced more readily by elevations of ICP in the presence of cerebral edema. 4,16,17,27' 37 Interestingly, one group of investigators concluded, on the basis of a series of animal experiments using SEP, that cerebral compression, as might occur in a diffuse manner with increased ICP, produced reduction in conduction velocity (which could result in increased evoked potential latencies); ischemia produced declines in amplitude. z7 This was hypothesized to be the result of axonal alterations such as changes in hydrostatic pressure or bulk flow of axoplasm. This suggestion is intriguing with regard to the patients in our headinjured group who had variable degrees of cerebral swelling at the time latency shifts were noted in the VEP in association with elevation of ICP. However, this explanation is not particularly helpful in our hydrocephalic population without invoking an associated parenchymal abnormality (such as ventricular fluid transudation) which was not substantiated, at least by CT, at the time of shunt malfunction.
Whatever the mechanism for this phenomenon, the present results suggest that VEP provide a noninvasive method for estimation of ICP. This should prove a useful tool for assessment of shunt malfunction in the course of treatment of hydrocephalus. Further, it may also provide a valuable index that may be used in the diagnosis and treatment of increased ICP in patients with cerebral edema secondary to head trauma. However, because of the unknown effects of other pathology, such as tumor and hematoma, upon the VEP, we must caution against reliance at this time upon this system in the presence of these lesions. Obviously, additional investigation must be undertaken to confirm our results and to identify how these results may be affected by structural pathology of the visual system.
